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S
Teohnioal Report on a Project on

LWW-SPIED SLIDING

being carried out for the
Office of Naval Research

under Contrat NR 065-335

Introduction

Three different aspects of the project were studied

during the past yeaor. They were (1) Design and operation of an

apparatus to measure stick-slip amplitudes at various velocities

and using springs of different stiffness, (2) Calculation of the

size distribution of asperities through the autocorrelation technique

desoribed in earlier reports. (3) Studies of the frictional pro-

parties of rubber at low speeds and with controlled atmoaphere and

temperature. These experiments are desoribed in the three sections

of the report. In addition work has continued on the design and

operation of a very low-speed friction apparatus which records vole-

eities as well as friction forces, readings being taken automatically

for short periods of time at regular intervals to conserve paper during

an extended experiment. The various parts of the apparatus have

functioned separately and the completed equipment will be described

in a subsequent report.

Two publications connected with the preject have appeared

since the last report. They are

Autocorrelation analysis of the Sliding Process, by E. Rabinowics.
JoAppoPhys. Volo27, No. 2, pp. 131-135, 1956.

Stick and Slip, by E. Rabinowlot. Scientific American, Volo194, Noo5,
J pp. 109-118, 19560

A copy of each is appended to this report.

Two theses have been written by students working on the project



"The Influecoe of Spring Stifftnsa on Stick-Slip" by Dona.d Clavin,

subdtt'ed for the Bachelor of Soienoe degree in th Meohanieal

aigLneering Depart S. The results of this thesis are sumwized

in Seotion 1.

"Uxpwiaental Study of Rubber Friction" by Kwaa-lk So, sue tted for

the Mbter of Science degree in the Veohhanioeal Ngineering Departmzat.

?bs re.ults of tdie thests are eemmatsed in 8etoin 1I.

I
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1. Relation between~ stiok-slip and spriui stiffness

The appratus used for these exLmenA in sho in

fturUe 1. It employs a *'-diamter rider having a hemispherioally

shaped end which ooute•t• a flat specimem mounted on a steel turntablee

Te rider, which is leaded by a dead weight, is hold by a supporting

am that is free to defleot with the friotiom torees actng an +e

rider nd in twa tbese fortes act an the two etin rings in lereosa

an me of the** are sovmted 4 strain gg". Both the chmge in

remlsee of the strain g" due to the f•otion tfboo, and the

ehmig L raistane of n interruptor mhbeaim an the •o •ti•g disk

we dispe don a denbom two-enel reoorder.

One of the wo strain rings is vable, end fte s~tftees

of the frietiao ar may be oWnged by replacing it by aee of differ t

Waiehee. ?h.w rings vore used in all

#1 produced a deflezio, of .ASO mAg

S * " " " .00

4 .U U U 0059

Uperiints were *erried ourt of copper on copper lubricated

by oetone ad steel on steel unlubriot.ted, two ombinations of materials

that .rs known readily to give rise to atiok-slip. Friction runs were

carried out iver a range of vvlooities with all four rings in tvwn

-mouted on the friction arm, and the amplitude of the satok-slip,

namely the difference betwoe& the spring "oroe at the beginning and

9 ed ef the slip, was measu-red in onch case and ia shown plotted in

Fi gs 2 (oepper), ani I (steel). it wss forid necessary t6 Sest all
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towu springs within a short period of time (say 1-2 hours) as

othe•rvis the reulets wre not ebiroily oemptrable.

A auvber of results merge from these figuer.

(1) At ay sliding volooiiy, the mplitude of stiok-elip is

geater it the spring is rode Ile stiff. If sth spring is toe stiff

stiek-Olip it eompletely elimnate4.

(2) For any spring *t re it a limiting veloolty sbove vwoh

stish-elp do"e no oot W. The small the e*0 efte of the spring

the greater *As upper Uniting vol.lety.

(3) Pou' any spring the"e sosm to be a lUniting veloelty bel

uhieh silekelip does not ooow. ?e sWller th stiffnes of the

* sprag. the Ivor this lover limiting veloiity.

hee. result. mare redily o•plieable in torme of the probable

f - v eour (ig.4). It my be ssamed thAt with my spring there ti

a limiting negtlvv slope in the f - v ouve, au&h that for my steeper

slope stiek-elip oeeow and for any les steep slope It connot. Also

as the e•aoeaeh s of the slope is in•o•saed, the amplitude of the stiok-

slip inoreaes oorrespondingly. If a stiffer spring is used, we will

expeot that a reater stepness oa' slope is required before stick-slip

oinoes. (o.f. Figo 5). Por the stiffest springs used in these tests

stick-slip did not take pleee since tha steopmess of tho slope obtained

in our tess was nowhere great anough,

hrer experiments are plamond shioh should enable us to

formulate a quantatiw. expression for stiok-slip amplitudes.
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2. Caleulation of Size-Dsrbuton of apeties.

PreTious calculations of the autooorrelation f•naction

(so* Figs. 5 & 7. Appendix A) ha. been carried out asswing that 4_

te foroe-displaoessmt ourve of a single junotim is triangular or

reotanlar. OGrummod and ?Tbor in a reoant paper give experiAental.

*vidmoe based on large-ocale models surcesting that the fumotion is

parabolio (as ebou above). In atteipting to ouloulate a kb.poqh1eal

irietion orve based an such a law, It is neeossary to find stmple

intoegrl umbers that appromxmto olosely to a parabolic .. qusao.

ALfter oam trial and eror., it mu /emd possible to fIt a psumbola

emqpi simgly well, as ohm In Table I.

Weight of paftb)1A Astul hight of

Oftuam "fund Ina 90mtat~ea Isrbola Pfte

Z -5 0 0 0
X - 4 2 .19 +*1$

3 - 5 S.•O -. 10

Z - a 6.11 +.11

- I s 5o" -. 14

x 6.10 ÷.10

Thea to oalolate the hypethetical friotion traoe., calculate terms of

the e.r!ie~

where S at*. norspad to random nmbere in the ranez 4 to S.
x-4

2000 poin to of such a trace vere calculated and the oorrallegram for

these oints determined, From thi ,f r ' r. the Porraetoudlni
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v alues of k2 r,,) were oaloulated an•d plotted on Figo 6o

Values of for 110 points of in experlnemtal friation

t aee ire aleo plotted on this owi, with the soale" suitably adjustw do

F It wil1 be ee =s that Rk2 am expernuentally determined, li greater

at low value. of k, and as ae beow hom in an eearlier report, this

difference Is mused by vriatimo in the sines of the jeotio.u flor

1&e experim•nt falMotion trese.

%e next stop wa to determine th, ls8e disir-iautia of

junetims whisk nmav the best f1t with lhe observd data e~su ng fotl

eaiplielty that only 4 diftfmt selse of jumat*m wore pemt, si

di4sato d, 4/S, d/4 ad 4/S. I tsI pt~use of t oitr'ltm1

at #A*ow ses Isa O m giv• i by antoking " elsoely as posible the

ealeulated and wpvisa ted R-k pU t. As finally detwdned. aWO

0 elitue s, ba t , 4 of te O btor isee a"e even by W.e sqitim.

affeet or JUMUiS di tin butt di tto but ditto but
of 41moow 4 14mbne dA' 41uester d/4 limbeor /

•09 aU +.005 b + *.S16 *.&M d 1.87 (1)

.OM a +*.261 b + 0694 -+,d 0 (8)

.1es a #47S b + a # d s e.t (3)

.261 a 4o694 b + o .4 - 9.8 (4)

.366 a +#884 b + a + d - 1108 (5)

.478 a + b .+ d - 14.9 (e)

858 a + b + + . d - 1749 (T)

694 a b + e .d -20.8 (e)

797. a b + 0 d 23,1 (91)

884. a b + a + d M6,4 (10)

9 •50 a + b + + d -29.2 (11)

+ a + 0 31-8 (12)
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sti *e• of eouations is of course over-determined.

a may be oaloulated from eqnms 6-12, by subtraoting 8 from 9 eat.

and then the values of a subtracted from expressiont 3-5 and

b deterumjned etc. The final values obtained wore

a - 28.0

b - 3.1

o - 2.4

d - 4.1

o get fro the values a, b, o, and d, the importinoe

of the Oorrespoading Junctone to the whole octast ares, we hve

to allow *or 4de fast That the statistioal uneortainty, oomparativly,

for n jmone es it propertioial to A, @ad %= multiply a, b, a

and d by 1, 2, 41 ad 8 respotively.

I%* final msttiutan to the total asldint area of maoh

*atogpry of jnotion is shsam in fPtge, as iS a diesibutIn taken

fron earlier work based an war maemars t. ?Me*e two MUrely

indepdonut m 4oed both *utgst tkat mot of the sliding area onseists

of unotifns fairly hamooeneous in sise*

Thus according to the woar data some U% of the total md.lding

srea consists of junotioe wihose length does not differ by a factor

of nr* than 2.o For the autocorrelation data, the corresponding

value is 75%.
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Ill. Veloe•ty •ad tempera•sre depandeeae on rubber friction

A year ago the results of friation-volocity testsn on

several mater=ial at room topraturo were reported. For soh of

thoe matarlaU a muam was fme d in the -ioeon-'eleoaity cure.

During the ipst year. te region to the lett of the adaius, in whioh

ftelc, inereaeee with velocity, hae bern studied for rubber sliding

an msooth glas. ?bese tests hae been earried out over a velocity

ing. from about 10-4 t 10• sm/ee• ond a tnpewate "sup5 from about

20 0 to 40 C.

a thin Sheet of rum rubber (dent•l dam) e*mnted to a

epherical ietls Sawftae I*$ slid owes a pa•e mierosope Slid$ in tbe

lmo-speed friction mhino. ft machine w, arranged inside a plyod

bes heted by electric lamps thwwmosti sally onmterlled to keep the

t•i •eeratu onssnt to within + . 01 C. An atmapiere of dry air

trom a eooimerotal cylinder wes maintained inside the box.

The rubber surfaces of the riders wore oleaned after ovevy

test by first rubbing lightly with surgi•ol pus* moistened in reagent

aoone amd then rinsing with a few drops of the aoetons. The glass

plate was cleano d in war "Lakeseilw solution, rinsed under rurming

water themn in distilled water, and allowed to drain and dry naturlly.

Care was exeraided to prevent oontaeinatdon from the hands of the

operatorý All *xper1mmts were performed in an air.oonditioned room,

'Tn c.rdsr ct.4.h the reproduoibilit-y uf results with different riders,

three riders as nearly alike ai possible were uaed at random during

the tests. A ilfferent path on the gltas plate was used for evwry test

and -e pia .e I:solf warn cle&-ned aftter eveyy 5 or 8 experiments
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Typioca resulti are giv.m in P-go 8o Curves showing the

apparent t d of the experimental points for riders r• three

ditferent radii are givea in Figogo

.hosee ow-es are sinilar to those found here previoualy

for neopreie sliding on greod glsees. Sehallameh (1) has also

obtalned this type of result for rubber blooks sliding on ground glass

and on silioa-arbide paper. Thw following oonclusione ea be drew

trom Figa, 5 and , in spite of the scatter of the test points.

1. At hIh Val%"ee of tngential toree 1, the lopritba of the

sliding vloo*it log V tends to Inoroase linea•ly with .

2. fe 1og V-s- cu erves beeoo onave dowrd at low value

of Ps tht is, log V decreases more and more rapdly as

&. ?Ie dependeneo of log V an teuperawe ? tmds to be linear

at high values of . At low waluee of 7, the relaton betob

log V md T is masked by the srong depeadnoee of log V P.

The results here preoanted a-r inconclusive regarding the

effect of temperature. but aorrvebret the tra;d sham by previous zorký

Al• the data viable indicate that the low-speed sliding of rubber is

a rate preoess. The following meschnim for this prooess is suggeseod

The glk.'s-rubber interftaoe which is naturally quite in-

heowgaeous, is assumed to ocosist of nmill regime of high resistnce

to sliding ("ihlanda") surrounded by regiocs of low reeistanoso More

precisely, as one goes from the azater of an island ta"wrd the shore.

I- SchalIa:oh, . Velooiaty a•n Tmeperaturs Depondanoe ,f Rubber

Fr - | t! on r 17 o |hsS ,66 92



the sliding resistanoe is assumed to drop from a high to it low

value, as sug"eted in Fig. 10, An external t•enkutial foroe

willl thui produce shearing deforation ati stress at these islands,

while over the rest of the interface, comprising the "oeoan" of low

reeisaoe, slip will oomiw. In the absence of ay further sotin,

a suall tngenital force would thus produce a initial relative die-

plasomt of rubber md glass, but no aoctinuod mve•at would take

pleae. At timperatures above the absolute zero, bowever, the energy

of thermal vibtation of the rubber snleoulee my be sufficiet to

*meo oooaioal slip at an island, so that in a oertin ran of

tamperata an%: applied eirettal fore*, esntiumwu relative movemi

o will result. At hb values of applied force, only the amtral part.

of the islunde need thermal help to slipi while for small applied fares,

the arm ever whith the-ml help is needed bosoms large.

?is rsate proes is to ei wmed by ma oquation of the fbrm

V a C erp(- A')

or IV - inc- " (13)

whsre in the p&resent case

V is the steady velocity of sliding (am/see)

C is a freq¶.auoy factor (cm/see)

A is th thermal energy required to preduce slip of
an island (erg$)

k la Boott mnn. eonstmnt. (I1,8 x 10 erg/d-E K)

t is the absolute tempeet-ture (deo K)
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SBy reasmoing simxLar to that of Booker (2), A is expressed asi

SA f. ¾ 2d (~)(ii)

where
a is the art& of am iuland (e%2 )

t it the ustrthed legth of the inisrfaeial bcnds (as)

is the ton tLal etress at my point required to cause
slip (dynoer)

ois the tangentil serss at say point din to the applied

teteo (dyne/=* t )

i s en slua eo shear modulus (dyne/Mn)

At high value* ot F it to soen from Fig, 10 that 't. O

be mwh larger than *ver Enet of the area of an island. Equaton

(14) thu yields a praetioally linear relaton betmeen A and k

sineo T is woporoonal to F l the ares of his islands do net

ehnago approeiably, Eq. (1i) givs a lnear variatio of In V with

F, as fomd experimonally in this reale of F.

As P deereeses, 'Z te4ds to doeress more rapidly th F

Wn account of the inereausin area of the islands (Fig.i0), while from

3q. 14, A is see to increase. The theory thus proeftet a rapd

drop ia In V as F becomes roll, in agroetent with th exri total

eridsne.ý

Quanti'tive oonoaluions are questionable o= acowunt of the

scatter of the data, but from the straight p*oriion of the curves for

the speoirm 4f -ineh radiui (Fig,9) it is founid that

2- Sookor, R-: Zeits,f tsohm,?hys,, 7, b47 (Inae)



A •" 1b x l0 c ergo
I! "

Eftlm *te of and the size of the imlan4a

are being made with the aid of the theory, -urtheo• teata are It

progress to obtin additional data an the effoot of tempeo-sture.

I.
| |
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Autocorrelation Analysis of the Sliding Process
ERiesm RABNiowICE

Lubrication Laboratory, Afassachswens Institute of Technsology, Cambridge, Massachusell
( (Received September 2, 1955)

A simple model of the sliding process is developed in which the junctions are of the same size, but have
different shear strengths, and, using an artificially obtained friction trace, it is shown that the size of the
junctions may be deduced through a simple autocorrelation analysis. Applied to real friction trace obtained
at slow sliding speeds, the technique gives an average junction diameter of 9.10r, cm, In good agreement
with previous estimates, while a different statistical method gives a value of S.1O cm.

L INTRODUCTION available techniques, namely, statistical analysis of

T sgnrlyaccepted that two surfaces pressed friction measurements obtained during a sliding ex-

toehrunder an applied load make effectiive Priet
cnatover only a few patches on their apprt The calculations involve the carrying out of an auto-

contact arapatd fths acegn ralycledt correlation analysis in which the instantaneous iraue
"juntctios proviAstdes imorthspantchs information casltlted of a variable, in this case the friction force, is compared
nature of the sliding process, in particular, problems wt orsodn ausotie uigtesm
connected with metal transfer and wear and the transi- experiment at progressively further removed intervals.
tion between boundary and full-fluid lubrication. In- In this way, a reliable assessment may be made as to
vestigations of the junctions have been carried out in how rapidly the variable is changing, and this in turn
the past using electric resistance measurements,'-' can give information as to the underlying factors, in
optical' and electron'4 microscopy, taper sections," and our case the junctions, that give rise to the friction
measurements of wear fragments produced by the focanitfltuins
breaking of these junctions.6 In this paper is described AUTOCORREATION ANALYSIS
a new method of studying the junctions which shows Mayexperimenters have produced friction traces in
promise of becoming an important addition to presently wihthe friction force is shown as a function of sliding

I R. Holm, Electric Contacts (Almquist and Wiksells, Stockholm, distance at low speeds of sliding, and some examples are
1948), Part 1. shown later in this paper in Fig. 8. A feature of such

I'F. P. Blowden and D. Tabor, The Friction antd Lubrication 1"f traces is that points taken close together on the trace
Solids (Oxford University Press, New York, 1950), Chap. 1.

I 'J. Dyson and W. Hirst, Proc. Phys. Soc. (London) B67, 309 have nearly the same friction coefficient, while points a
(1954).lagditneaatmyhvcofiinstt r

4'I-Ming Feng, J. AppI. Phys. 23, 1011 (1952).lagditne prtmyhv cofcetsht e
6 A. C. West, Lubrication Eng. 9, 211 (1953). nearly the same or that differ widely; in fact, the two
IE. Rabinowicz, Proc. Phys. Soc. (London) B66, 929 (1953). values are independent of each other. The change from
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SIMPLE MODEL OF THE FRICTION PROCESS

In order to see the information that may be obtained
Fl... I. Idealized reI- by an autocorrelation analysis, it is of interest to carry

S---. rsentation of the junc- out a theoretical analysis based on a simple model.
tion of two conical a' It will be assumed that all asperities are circular cones
peritie% in elevation anti
ian, the shaded region and make contact with other similar cones over a flat
ieing the true area of region of contact. Figure I shows that the real area of

contact, contact changes during sliding, reaching a maximum
value of ird2/4 which is denoted by a. Figure 2 is a plot
"of the area of contact as a function of sliding distance.
The actual junction is in existence for a sliding distance
2d, but the area-displacement curve approximates

the condition of good correlation to that of poor, or this closely to the triangle of base rd/2, and it is the latter
correlation, may be plotted on a correlogram. 7 For this function which is used in our calculations. It is assumed
purpose,initially that all the junctions are of the same size.
intervals and, using a standard form of analysis, the
average friction coefficient J is determined. Then, if FLUCTUATIONS OF FRICTION FORCE PRODUCED

.f1-.-f-.- are the individual readings, the auto- BY VARIATIONS OF SHEAR STRENGTH
correlation of order k is defined as If we assume that all the junctions have the same

, (.f,_f)(J,_f) flow pressure p and shear strength s, a constant friction
=(1) coefficient may be expected,' since the real area of

"v--k ->. (h-f)2  contact is given by the expression

It will be seen that when k=O, the summation term Lm-p.A, (3)
in the numerator is identical with that in the de- where L is the load, and the friction force F by the
nominator, and hence rk= 1. This is defined as perfect relation
correlation. As k is increased, situations will arise more F=s.A, (4) -
ancd more frequently such that one of the terms fj and where
fj4* is greater than j, the other smaller. Hence, the f=F/L=s/p= constant. (5)
product (j--)('+,t--f) will be negative, the summa-
tion term in the numerator diminished, and rk will be However, the shear strength may be expected to be
less than 1 (partial correlation). Eventually, the numer- a very variable quantity for metal surfaces sliding in
ator will contain as many negative as positive terms, air. In the case of some of the junctions, the oxide
sbject to statistical fluctuations, and r will approxi- layers are unbroken and the shear strength is that of
mate to zero (no correlation). The ratio n/(n-k) the oxide. For some junctions the oxide layer is broken
corrects for the smaller number of terms in the numer- up and complete metal-to-metal contact is made so
ator than in the denominator summation. that the shear strength oi the metal is the determining

When many values of rt have to be calculated the use factor.10 Many junctions are probably part metal and
of the foregoing function becomes very tedious, and a part oxide. As an approximation we shall assume that
simpler expression of similar form is convenient. We the same junction maintains the same shear strength
define while being made and broken. In the case of the all-

t •i'iJ.,-I,•j oxide and all-metallic junctions this assumption is very
rk. (2)

n-k v7Ei'if,-jt

When k=0, the summation term in the numerator is 1
zero and rt,= 1. When f and fi+k are independent, their APLA /

mean difference, namely, F.Ifj-f,+kf/(n-k), tends I /
to v2 times the mean deviation from their average
F _f,--IJ/n provided that the values of f are normally K' "

distributed, and hence r'=0 subject to statistical fluctu- • -. . nd
ations. For intermediate correlations the variations of - • -

t k and rk' are also comparable.8 F li;. 2. Real area of contact as a function of displacement for
7 G. U. Yule and M. G. Kendall, A n lntroductiomn to the 7"heor v thle junction shown in Fig. 1 (full line); simple triangular approxi-

of Stalislics (Stechert-Hafner, Inc., New York, 1950), Chap. 27. niation to the actual curve (broken line).
* C. E. P. Brooks and N. Carruthers, Handbook of Sýttistical 4

Methods in Meteorology (Her Majesty's Stationery Office, London, tion, so that the denunuinator of the expression in Eq. (2) be-
1953), p. 362. comes 1.128a.

"0 Note that for normally distributed friction values the mean 9 See reference 2, Chap. 5.
deviation is about 0.7956 where a, is the root mean square devia- 1) R. W. Wilson, Proc. Roy. Soc. (London) A212, 450 (1952).
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reasonable; for the mixed junctions, if any, it may also
be satisfact 1 y.

During sliding at constant load the real area of con-
tact remains constant [Eq. (3)]. Assuming all junctions
to be of the same size, and with an area-displacement 30%
function as shown in Fig. 2, then as soon as one junction
reaches its maximum area and starts diminishing in
size another must start up to maintain the total area 20,

at a constant value. In general, a number of such junc-
tion systems act simultaneously.'" We shall consider a
simple case in which one junction is started at every
unit interval of length and persists for a total distance
of 10 units. Thus 10 junctions are present at any
moment in different stages of growth.

Figure 3 has been drawn to illustrate this point, and
represents an area-displacement plot both of the indi- Fic. 4. Shear force-displacement plot for the individual junctions
vidual junctions and of their sum, the total contact and for the total contact area.
area. This area is the sum of the intercepts on some
specified vertical line (corresponding to one definite and it will fluctuate as one set of junctions is replaced
displacement) of all the sloping lines and is shown at by another."2

the top of the figure. As sliding continues the individual CALCULATION OF HYPOTHETICAL FRICTION TRACES
junctions change in size, but the total area remains We shall assume that a junction may have any shear
constant. Since the flow pressure is assumed constant strength in the range s.,/2 to s,. (where s., is the!shear
we may multiply the abscissa by p and then Fig. 3 strength for metallic contact) and that all such values
becomes a plot of the total n.ormal force as a function are equally likely. To simplify the calculation we shall

C- of sliding distance. As postulated earlier, this force confine the strength to the rational 'ratios (s.18)
i remains constant during sliding. X4, 5, 6, 7, or 8. Each of these five possible values of

However the friction force is not constant, since the the shear strength is assumed equally likely. To find
various junctions have different shear strengths. If we successive values of shear strength of our hypothetical
ass,.me for our sliding combination that the shear junctions we may read off numbers in the range 4 to 8
strength of the oxide is half that of the metal, then the from a table of random numbers, e.g., 4, 7, 8, 4, 5, 8,
friction force at some instant at which all the junctions 6, 6, etc.
happened to be in intimate metallic contact would be The effect of this on our junction model will be to
twice that of some later instant during which all the multiply the heights of the triangles in Fig. 3, by the
junctions were separated by an oxide layer. In general, various ratios 4s,1/8, 7s./8, 8s./8, etc. and the total
the friction force will have some intermediate value, friction force will be the sum of the individual triangles.

Figure 4 shows a typical trace obtained in this way.
It will be seen that the total frictional force is now a

variable quantity. As a matter of great importance we
note that although a new junction with different shear
strength is formed at every unit interval of distance,

4 o the variation of the total friction force is much more
gradual, the curve showing persistence, and it is this

3o feature that may be analyzed by autocorrelation
analysis.

Five-hundred consecutive points of a trace such as is
shown in Fig. 4 were calculated from 510 random
numbers in the range 4 to 8, and the total friction
force determined by an arithmetical procedure equiva-

. -lent to adding up for each "station" the shear resistance
- - " -- - .... at that point of each junction. Thus, at an arbitrary

station x, the friction force will be given by

F Fla. 3. Area-disllacerent plot for the individual junctions FX-. (/5J) (sx -4+s.+÷)+ 2 (s.--+$..+) "
(triangles at bottom of figure) and for the total area (line near + 3 (s,.-2+sZ+2)+4 (s.$-t.+,+)+SsX), (6)

#•" top o, figure).
0. Rahinowicz, Rihhtmire, Tedholm, and Williams, Trans. Am.

" j. F. Archard, J. Appl. Phys. 24,981 (1954). Soc. Mech. Engrs. 77, 981 (1955).



134 ERNEST RABINOWICZ

F ig. 7, and the correlogram for all the 500 points as
. the dashed curve of Fig. 6. The two curves are fairly

"1A similar.
These two junction models are likely to represent

the possible extremes for different materials. In one

case the junctions slide over each other, and in the other
.. ,.,.CTMAL ,,•,laft TRAcase one junction penetrates through the other. In prac-
,CQ ,r"WSLA* '.X , oCTIO A tice both mechanisms will operate and an actual r-k

6 so lcurve will lie between the extremes of Fig. 7. To

FiG. 5. Two-hundred points of a shear force-displacement curve simplify, we may take rk=0.5 at one-quarter the range
similar to that of Fig. 4. The effect of one junction is shown at of action of the junction. Having established this rela-
bottom of figure. tionship, we are in a position to take a trace whose

junctions are of unknown diameter and from the
where the notation s1 --. for example represents the shear correlogram make deductions as to the size of the june-
strength of the junction whose maximum area is reached tions. It may be noted that the shape of the correlogram
at station x- 2. Owing to the triangular model used, does not depend on the amplitude of the fluctuations of
this junction will have an area of 3a/5 at station x, and the friction force but only on their variation with
hence its contribution to the total friction force will be distance. Thus, deductions may be made from the
3as..../5 as shown above. Figure 5 is a plot of 200 of the correlogram even when the variation in shear strength
calculated values of the friction coefficient, and Fig. 6 of the junctions is unknown.
is the correlogram, or plot of ri as a function of k, for
all the 500 points. The curve approximates closely to a
parabola, and rk reaches a value of 0.5 at about 0.26
times the base length of the inodel triangle, and, as 'PAW
expected, to a value close to 0 for distances greater
than the base length.

A recent paper by GreenUi suggests that the force- v-a

displacement curve of a junction may approximate to r., ,cc7DJOMOsL, ra mcna"

a rectangle rather than to a triangle. To see the impli- " 6 X
cations of this model, a new friction trace was con-structed using the appropriate formula Fio. 7. A plot similar to Fig. 5 but assuming the force-displacementeffect of a junction to be rectangular as shown.

Fffi,= a- (s•.4--+s.,+s.+----s,'+ EXPERIMENTAL MEASUREMENTS
+ (7) Friction traces suitable for autocorrelation analysis

Two-hundred points of this trace based on the same were obtained with the slow-speed friction apparatus
numbers as were used in obtaining Fig. 5 are shown in described elsewhere." In this arrangement, a hemi-

spherically ended rider of one material is kept stationary
o0 - with respect to a flat, slowly moving plate of another

mater;tl. The friction force produces deflection in a
strain ring on which are mounted fourstrain gauges,
and a permanent record is obtained using a Sanborn
recorder.

Three typical traces obtained with the same rider
05o and plate, but at different sliding velocities, are shown

r" in Fig. 8. It will be noted that as a function of distance
K on the recording paper, fluctuations in the friction

force are much more pronounced at the higher speeds.
An autocorrelation was carried out using 100 points on
each trace and Fig. 9 plots the autocorrelation obtained

0 as a function of distance, not on the recording paper
hut on the sliding surface. The results suggest that the
three surfaces are autocorrelated in the same way,

0 o subject to statistical fluctuations, which are rather
Kt severe as the average length of track analyzed amounts

Fi(i. 6. Correlogram of hypothetical fric :on traces. Triangular to only 10 complete junctions. In particular, the value ( )
model (full line); rectangular model (broken line).

"" . e'l mann, Rabinowici, and Rightmire, Rev. Sci. Instr. 26,'I A. P. Green, Proc. Roy. Soc. (London) A228, 191 (1955). 56(1955).
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of rk reaches a value of 0.5 at a distance of about
3.8X 10-4 cm, so that the hypothetical junctions appear
to be 7.0X10-4 cm in average length, and the real

junctions (Fee Fig. 2) some 9.7X10-4 cm. This value
may be compared to estimates of 7.10-4 and 17.10' cm
obtained previously, for similar sliding conditions, by
other methods.16

DISCUSSION 10

In this paper only one number has been extracted
from the correlograms, namely, the average junction
size, but in principle it is possible, making assumptions
as to the shape of the force-displacement curves of the Fic. 9. Correlogram for the friction traces shown in Fig. 8 as

junctions, to obtain information as to the actual size a function of distance, not on the recording paper, but on the

distribution of the junctions. Before this can be done sliding surface.

profitably, more investigation of the force-displacement vary as 0-1 . The appropriate constant will depend on
relations is needed. the range of shear strengths encountered and the shape

of the force-displacement function. For the conditions
COPPER oN sTEEL.. 1o, of Figs. 5 and 7, we have found by actual calculation

1.-. that a,/f=0.27m-r for the triangular model and 0.240-
for the rectangular.

0. This provides an independent way of calculating the
-------- average junction diameter. For the runs shown in

V-7.10-cu/SEC 0 o.ooo5cm Fig. 8, u/f is found to be 0.022. Hence, assuming the

triangular model, there are 150 junctions present. The
I_,total real area of contact may be calculated from

1.0, Eq. (3), L being 0.1 kg and p being 6000 kg/cm.
Hence A = 1.67X 10-' cm'. The average size of a junc-

01 tion is a/2, and hence a is 2.2X10-? cmO and'd-$.3

V-43o10-5 CM/SEC 6 0 003 CM X 10-' cm. This estimate is of the same order of magni-
tude as the previous one, but lower, and suggests that
the actual range in shear strength of the junctions is

,0 • less than our postulated factor of 2: 1.

"SUMMARY

The autocorrelation method previously described
appears to provide a new and powerful tool for the

FiG. 8. Friction traces obtained at slow sliding speeds. For the top study of frictional and related phenomena, and in
two graphs only a portion of the full length of trace is shown. particular it is capable of providing information about

the size of the junctions formed between sliding sur-
Estimates of the number of junctions may be obtained faces. The experimental technique is simple and general.

from another statistical calculation, involving the stand-
ard deviation of the friction valuts, namely, the ACKNOWLEDGMENTS
quantity u/f. If there are n junctions present at any The author is indebted to Professor Brandon G.
instant, of equal size but of different shear strength, Tt
then simple statistical reasoning suggests that a/f will Rightmire for many helpful and clarifying discussions,

and to the Office of Naval Research for financial support

"16 E. Rahinowicz, J. Appl. Phys. 22, 1373 (1951)_ under project number NR 065-335.
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Stick and Slip
II //l(,! two sriibt(Iti ' I-i/b (Iwillf / ,'(I.h other. the sti

.r1idthein sfip. T'he l)h,,/ImiI('lli, wco'Iltnls for the s. ,/I(pe " of beairiti Ws,

/hle u., 'c ,of I/i.linls (///( monm ,,vtr sounds of/our dai/v ('XT)eriCenelc

Is I'l,'s, IlhintAi icz

lith two o ,of f,•rce that .are 1110t 'The1 tlwet' laws describing the force of sliding speed. The coefficient of friction

/,,,,,so lt li in teellaic. it)c l ictiotn s.i that when line solid boly between two bodies may vary as much
"- *ravilv and friction. The formie slides otetr .another, the frictional force as 30 to 50 per cent according to the

has been istudied by great men of science (I ) is proportional to the load, or pres- speed of motion. In 1835 A. Morin of
it] ever% age. The latter has been largely %,tre of one against the othei. (2) is in- France proposed that, since the fric-
neglected. it being assuined that the dependent of the area of contact, and tional force resisting the start of sliding
sliding process holds little intrinsic in- 13 is independent of the sliding veloci- for two bodies at rest was obviously
terest and that three simple lauws. all dis- t%. The first two laws were stated by greater than the resistance after they

coivered before 180I. adehquatelt de- Leonardo da Vinci and rediscovered in were in motion, there should be two co-
s.crilx the force of friction. Hv.wesr. fle the. 1690%s by uGuillaume Amontons, a efficients of friction: a static one. for

advent of modernu machinerv, working FIrec'h engineer working under the surfaces at rest, and a kinetic one, for
with yen" close tolerances under new spolnsorship of the French Royal Acade- surfaces in motion. Today, as a result of
and widelv %arsing ,onditiots. has iyt of Sciences. The third law was first work by a number of investigators, we
showtn up thle inadelth.acy( of our knhwl- expressed in 1785 by Charles Augustin know that both the static and the kinetic

edge of the sliding pro(t'ss. T"o give but de Coulomb, the French physicist better coefficients themselves vary. The kinetic

two examplhs. jet engines and heat-vx- known for his researches in electro- coefficient drops off as the sliding speed

changer punips in nuclear power plants ,tatics. increases. And the static coefficient de-

present lubrication probhlems ncever be- If the thrte laws are correct. friction pends to some extent on the length of

fore encountered. Consequently the lt.la % depends only on the applied load, and time the surfaces have been in contact-
of friction have recently been restiadied, the coefficient of friction (the ratio fric- a fact which can be attested by anyone

and new facets discov,'red. This article fion-force-ho-load) for any given mate- who has ever had occasion to loosen a

will deal with the stick-slip phenloii- ,icls should be constant under all condi- stubborn screw or nut that has been in

ttit. an importait blc -product (f sliditcg (loils. The first twe laws generally hold place for a considerable period. Thus the

which producth % most of the cr,,akit•. trait, with no morte than t0 per cent de- only satisfactory way to represent the

sq-,1oaiig. chattering anal sturiwkiwc, \wC % iction. Bilt it has beent known for some friction coefficient for any pair of sur-

hlear in our rvt.erdati list's. tone thait friction is not independent of faces is by two plots, one of the static

I I I~ \ I tK I-. \ ',•" ,,- .,c ,I~c.LI, ..i cl, -maac,-ei rtI,.Ii. k-li, .- l'c. t ,I i ..p act .,;iet d io ao le, to this cirertion. In the, lhtter in.arks thte railk
.• •,.c ,•,.,,I. ts .t ,.,',• ,,I ,I., lk ht'il a me a,, .. a tog ic i. .l.- *'csrk l,, thir UI akhboaril. Ihen, diippiedt. themi stuck again and l o oil.

,Iir tim, -' 1, 1 1;1 'a..-'.- ,1-0 i,.1% I l, .i t. .. ,i- l,, I L I,, Ihl 'hli, nler., ligltlbl the- d'halk i6 lit-ei. ite sin.indletr the elishlncr of -le.

109



Ota•' (14the •t.r of Ow. k,.f.t i .*t( .(ýovf( t
its i f unction o f %lid ill g v eln citv.

lt is the breakldown of ihe hrl d l "J[
of friction-the variation of frictimi.l

D" M O 11108ý ý frce with Velocity-tlhat isrespooIsuibli
for stick-slip, the phenncrtion we shall
now consider. Suppose we attach a

b b:lhlock to an anchored spring and place, it
on a longer siala which we set in motion
at a slow speed. At first the block is

P -I dragged along on the moving slab: it
- . • will not he held back by the spring, i.e.,

slide on the slab, until the spring's pullS.... • 4• is equaI to the static coefficient of fric-
tion. .he pull of the stretched spring
reaches that value when the block ar-
ives at the point A (see drawing at hot-

torn of page 114J. Now the block be-
- * gins to slip on the moving surface. As

soon as it does, the lower kinetic coeffi-
cient of friction takes over, and the

' block slides rapidly toward the left.
When it has moved back to point C, it
comes to rest. Here the higher static co-
efficient takes charge, and the block
again sticks to the surface and is dragged
to A. Then it slips back to C. This is a
simple laboratory demonstration of the
stick-slip phenomenon, so named in
1939 by F. P. Bowden and L. L. Leben,
physical chemists at the University of
Cambridge, who built an apparatus to
study the process.

At the point B on the scale, halfway
between points A and C. the pull of the
spring is equal to the kinetic coefficient
of friction. If the static coefficient were
the same as the kinetic, the block would
be dragged to this point and then stay
there, sliding on the moving slab be-
neath it. As it is, the block oscillates
about this position, sticking and slip-
ping by turns. The situation is compli-
cated by the fact that during motion the
friction coefficient varies with changes
in the sliding velocity, but whether stick-
slip may occur can be determined in any
given situation simply from the direc-
tion in which this relation is changing
[sce chart at lower right on page 112].

W.rhat does all this have to do with
n machinery? Few mechanisms in

common use contain sliding surfaces at-
.cled to springs. The answer is that

whenever solid bodies are pressed to-
gether, there is some elastic displace-
"uncnt or defornation of the material, re-
suiting ilk .41 effect like tile Operation Of
the spring iii the foregoing laboratory
dsli oin eliehoro.

(.ouiunon examnples of stick-slip ir(

MtI.TAI. S( Il[A.\(: I. i Ih . am -hii t,, t . ,.. l .r - . , dl ,, , ' . iii -i h l li lt" creakit ag (if doors, (lit chattering of
.11,, U1 in.h ,,f . , of cullin g. AI I,,,,ll,,, i. t it .a ,juniu , ititi, 11 p1., . ii- ii t it, a i.-k-.lip. \windto\\ ,sashes, the violent shuddering
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rocket and
missile
engineers _

deserving
higher salary

Dedslon Inc. represents six
leading missile firms in the east, VELOCITY VELOCITY
midwest and for west---inter.
ested In hiring rocket and mis- EVOLUTION OF THE FRICTION CONCEPT is illusrated. In the late ]&h century it was
sie engineers. Through us, you
can completely, confidentially thought that the coefficient of friction remained constant as the relative velocity of the

make arrangements for better sliding substances was increased (upper left). In the early 19th century it was postulated
positions. that there were two kinds of frictio: static and kinetic (upper right). Friction was greatest

Right now, these companies lhen two substances were moved from a state of rest, and fell off immediately when they
hove need for engineers with began to slide. Around 1940 it was shown that friction fell off gradually with the increase
virtually every degree of ex- of velocity (lower leltl. Today it is known that friction first Increases with velocity and
perleces. Youll need an engi- then falls off (lower right). When the changing relatio..hlp between friction and velocity
neyqing degree, of courea If has the slope to the left of the peak in this curve, substances slide steadily. When it hasyou qualify, they are ready to
give you a chance to work with tihe form of the steeper part of the slope to the right of the peak, stick-slip occurs.

leading engineers and sclen-
tists on challenging new pc- of drawbridges. the squeaking of bicy. may be so strong at some points that tiny
Jects. You'll have your own
draftsman assistant. No board vIe wheels and the squealing of auto- fragments are tor off one and stick to
work. Substantial salary in- mobile tires. Stick-slip has its uses. the other. Experiments with radioactive
creases. All your moving and Without it a violinist could produce no tracer material have proved this. If the
relocation expenses paid for. music. and lie takes good care to pro- end of a radioactive rod is rubbed along
Free assistance in locating eco- sining his how. But in most a fiat surface, small particles are trans-
nomkcolhousing. Subsidized edu- . ote it 1y ro
cationol programs. sitoations stick-slip is a nuisance or ferred and make the surface radioactive.

Here's what you do. Send us worse. A tool cutting nietal should slide This is an excellent experiment for show-
your name, title, company and smoothlv into the material; whlen its ing the stick-slip phenomenon. A piece
home addres. We will forward slide is iterropted by stick-slip tl-etit of photographic film is laid on the sur-
to your home brief forms which
you fill out and return. We com- will Iw rough ;il(1 tieven f.wev photo- face that has been nrbbed with the rod.
pore your experience and de- graphs on page 110]. [if the' drivitg After it has been exposed for several
sires with specific job :penlngs. nlechatlism nof a plihmograph turtable hours to the radioactive track left by the
Help you evaluate the various stick-slip would rtti tlif sotnd. And rod. the film is developed. The image of
jobs open to you, determine
which offers the best future. dtsnritmg World XVar II tlif probllem of the track turns out to be not a contintu-

You make the decision. No ob- stick-slip in )if' delicatt sittationm ",as a oils line but a series of spots [see p/hoh-
ligation to you, no cost whatso- nliatttr of lit. and datil. TI'l torning of graph on tage 1181. The sliding rod
ever. Our clients pay us to find a sibttiarili,"s 1ijlw .,er shaft prrhcwes end sttuck and slipped, leaving consider-
you. Find out what you're really tu
worth--today. Write, phone or "tick-slip ,noiset which catl be' (It-'cl'd able itnatcrial svhcre it stuck and vtrs

wire. with Sonit listcmsiog g-a. Silntcs the war little where it slipped. Exactly the sanm'
the Office of Naval ]lescarclh has spolO- thing happens whent vyo rub a piece of

D E C I S I O N I N C * sor-, ,-scarchl onf stick-slip at t-t, Massa- chalk, tilted ili the direction of motion.
chlilsitts Institoh, of el'tihoology. over a blackboard: vof will get a stutter-

Management and Rscruitment Consultant ilig line of (lots.
Oliver P. Bardes. President 'ritiou s tigatrs now re, In an adhesive process the bond bth-
143S First National Bank Bldg. alht'sio of io iS OiS stronger the longer it is left ltlt

Cincinnati 2, Ohio of. ihe srl.utcts iof cotntact with each disturlbcd. vTis is why th'e static covffi-

ithvi*. Thle hI ( I t etwuitlie sh •rfaces ('itelit of friction increases with tirose of

rI
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STICK-SUIIP at lowy pr-eI Irares the curve at left. The sloping sections of the curve are
slick: the vertical mertiont, "lip. At high speed stick-slip traces the sinusoidal curve at right.

contact. In the case of sliding surfaces, speeds up to a millionth of a centimeter
the period of contact between points on per second (about one foot per year);
the two surfaces is, of course, longer soap up to 10 centimeters per second.
when the sudaccs slide slowly than These considerations present us with
when they move rapidly. Consequently the paradoxical conclusion that there is
if the slidie of one surface over another really no such thing as a static coefficient
slows down, friction increases. This is of friction for most materials. Any fric-
the situation that favors stick-slip. How- tional force applied to them will produce
ever, laboratory tests have developed some creep, i.e., motion.

ow Ub WOW I bowl" an the unexpected finding that at extreme- Studies of sliding at very low speeds
caw ming sytis 1, slow speeds the situation is reversed: are important because they yield sys-

tas friction increases the sliding velocity tematic information on friction-velocity
also increases. The most plausil)le ex- relations which will enable designers of
planation seems to lie in the phenom- machines to select materials that will be
enon called creep. All materials slowly immune from stick-slip over the range oc
change shape ("creep") even under speeds at which the mechanism Is to
moderate forces. Ani increase in force operate. We also need a great deal mon.

"St,ýea ue p sas eiagt .,elposs will increase the rate of creep. Thus data on the friction coefficients of metals.
. its the case of surfaces sliding very It seems odd that in this age of metals,

slowly over each other, an increase in tables of coefficients listed in handbooks
frictional force may produce a percepti- still have little to say about meials and
ble acceleration of the slide in the form apply largely to various woods, leather
of creep of one surface past the other, and stones-engineering materials of
The limit of speed aitained by the long ago.

vetlmi ti,. pip., creep mechanism varies with the ma-
toolsbia, O eas terial, bccause soft materials creep fast- T1hree main methods are available for

er than hard ones. The creep of steel J curing stick-slip where It is not
is so slight that it cainot be observed, wanted. Firstly, we can alter the sliding
Lead can Ibe mad, to slide by creep at speed. Sometimes this means slowing

Hee.teqs P'rovs,. ,0 C A
for the form heboweachaC Cts

Pormogiels St.c.lo Unitt gl,,SSlinod smtuk, stocks
for induistrytr

Gasoline dispensers, Welding machines ,
liquid m..i.s .,ecd odes acc.ssor ies

-A I'EII M ENT1Al. A I.\'lAl VII .N i is , Ii' to. sho the pinip'ile of stick-sliip. A block is
..anie,'hd to a sperinig. "'l[ i Adsemi • hicIh the block rests is inoved Iarrott-1. If the static ecoef-
licietil ot frictionf is,'rt. , i . the kinetic coeflici't of friction. Ile block wiouhl sinspi.

,n. vi- with I e 411 t•-Ia 11 f- ( ites It nild sta y there. lltea ise the statit coefficienut is greater than

Eiestio motors Asutomobile Ikhe kiot-lit', 01:4- blc k %esi-'. % is il I, lhii Aidl, tirn A mid tlh n I ipi s back tit C. If tih niovemeint
fot lilt off stle g i rs %crc c Iil e iI lited sal ii. ' ,tre . tits block ssouhl oscillile b s'ls'eii A and C.
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(.I IJV #1. i ni oth eir c.ai se, 5 )e ; ill . F or f ;-P c• ('a tit, it tto c tit c-t iw.itl, e ' 1 ,•me r.
I ' iuiplh. a c'ar's tire , mpi•e. l if it rm unds So hoig I,, the lubr a, o. t ,.iv r',!, is ,jt1

i a tcor ne I)r rapid lv hl l not if the t ulrn is petr cent Iln I)et vr. •st k -. lip (:l ,, I wi i ,-
slow, o n thil other lidi . a door t halt ro lii it whien coverag e ha s fallii to 75

Cre.ak s % i hl n opened sloIs ma% be si- per cent, stick-slip h comnis vwriy p3s) it-
h~ut•vl.. •w.i•rapidly. Secouivl, we ble [set., chart hbelow]. At this stag ., its

m a y rie d uic' e thl r sto r ed e nle rg y ( ,. ,.. in squn e ak y p ro te st is a 1)0011 , f ir it se rv ew , t%
the spring) lwhose interrmittent release is a warning that the luibricaant must 1)4

respi•usiltie for sti'k-slip. Stiffening the replenished. The quality of the lubricait
sprinug % ill &•ccomplish this end; similar- is important: somne poor lubricants never
y, stiffenuing a toIolholder will make the give even 90 per cent coverage. no mat-
tool cut mnore smooth]%. Or we may ter how much is applied.
damp the stored energy by immersing External factors, such as humidity,
some part of the xibrating system in a also may play a part. Squeaks in an au-
bath of viis(ous oil. tomobile are apt to be silenced on a wet

The third and most common method day-and, perversely, almost invariably
is to lul)ricate the sliding surfaces. A when the car is taken to a garage to
lubricant forms a soft film which has far have the squeaks located and removed.
less frictional resistance than a metal's Demonstrations of stick-slip during pub-
surface. The problem here is to maintain lic lectures are likewise hazardous un-W hen you have an the film over the whole interface. As the dertakings.

Adhesive Problem surf.ces slide, the lubricant is gradually Friction in a machine brings a train
worn off, so that parts of the metal sur- of unhappy events. The sliding surfaceson your hands...

Answers come faster .

with our Custom Service

Twenty-five years of experience
rea4y to focus on your particular .6-
needs for adhesives, coatings and
sealants.

International activity in the bond-
ing of the following materials to
themselves or to each other:

Leather Paper Phenolics
Metale Fabric Vinyl Films
Wood Vinylite Melamines
Aluminum Cellulose Glass
Foil Acetate Rubber 4

At your request, one of our field 0
specialists will visit your plant, help 0
you define your problem, guide its ;
solution through initial Angier lab .

tests, pilot plant production, volume
production, and through the first NO FILM
stages of on-the-job application.

For EVe Industry
Latest developments in Adhesives for .2

Honeycomb Construction, Vinyl Film Bonding 50 PER CENT
Rubber, Latex and Resin Cements

Pressure Sensitive Cements, flocking Cements, 75 PER CENT
Laminants and SealantsTie _Re••sin90PRCN

Coats Emulsions 100 PER CENT

gie -C i T Y0 1 ,0 100

V tCiT' L CENTINIE•ERS PER SECONDI

rodu ets i Itl •,IllI s ll' may be subject to stick-slip. This chart represents one piece
of -ie! .-lid o5cr anothcar n ith a WIm of lubricant between them. When the lubricant is first /

120 Potter Street aplli.,., it voi , 10,r. lO.- v ment of the area between the two surfaces. This area is steadily

CAMBRIDGE 42, MASS. riduct,'d .i. :it," mirface,, arc rubbed togelher. When 970 per cent of the film remains, the

Mi,'weslern Plant; Huntington. Indiono our .- I, ,,ill ahlio-t horizontal and no ,•tick-.slip occurs. When only 75 per cent remains,

i tosi sithe |lo.- tI 'tirs i. 1411 %n ,let ,'ru'e 4tt lowter righlt on ptmge 112) and stick-slip can begin.
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anc scarrcdl tiht- 10 s"cw prticvls w" " o'iff
Ihv I aiii at as albrasivvs and produc(u morc

w('(d'; thil� inii •is ig frictio( genmrates

M an's1 aole in Ch a rni r gn atd robs the. mci•iii•'s iiie•,•ch,,ic,•
e'nlrgy. E.lw)i'siv.( s'-ste .ils ar( sol)uV-th F f th E th times ini.staille(d to ,vri \,hin( more libri-he Face of the Earth cant is ne((.d. Bfit stick-sliIp itilf sup-
lplies its own adinonit)ry voicie, without

Edited by WF'ILIIIAM L. THOMAS, JR. which our machine age would soon
in eollaboration with CARL. 0. SAUER, grind toa shuddering breakdown. It pe'r-

MARSTON BATES, and LEWIS M11MFORD forms the wai ning function automnati.ai-
ly, cheaply anid effectively.

This book is based tn an international synlpo.ium held
at Princeton in June. 1955, by the Wenner.;ren Foun.
dation, to explore three main concerns: the variety and

-magnitude of man's changes on the earth; the methodA
and agencie of change; and the effe.ts of man's actions
on the continued habitability of the earth and oi the
course ofhuman evolution.

Some of the themes considered by the fifty.two noted
contributors are man's tenure of the earth; his effects on
tho seam and waters; the alteralionq of climate; soil
changes through human use; modifications of biotic
communities; the mology of wastes; urban-industrial
demands upon the land; and limitations of the earth.

1,212 pages, 180 illustrations, $9.00

As all bahm.aovus, or/am Oron

THE UNIVERSITY OF CHIICAGO PRESS
5750 is Ave., CMeage 57, IlL ',a

• TION WtA I c!*no t SAX all "I -___I
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YOUR FREE
COPY
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WHtY DEVELOPMENT ENGINEERS FAVOR ALLEN-..RADLEY ELECTRONIC COMPONENTS

c-Icit. h.b
1

5�t il yi 111c l i dt . fid l i arsilic- | j )OtlOH ,ati art ,

cxl•' ~ ~ehn .- rilc.hat p~ro,.lucts, I)1()((tv.lc apparatus,
vc, "When,,I ti,, ,d ti fixed' aud ,ariable contp,,ositio,, il
rcsistlors, terajiic c.a|o..cithtss. eted-thru a.aid stauid-ofl 1

C'apac itoirs. ferrite parts, cie.. vyu cai't gio ,% roing whe•n QU
Uoi s9 )ecifv All•:,-BradlIcy.

In mnani instances, their stlale charricteriis ani'i dQuii

cnservative ratigs nmake A-1 Jparts the requmired coin-
ponents for critical alpplicatioJtns in military, radio, and
elect ronic devices. Quite hnaturallv, they arc also widelyused throughout industry and 'I% tliyn~uracturers 4f 1i 1

!• ~radio and television reeIes E le ctro n ic, letrni

coml)uters, and similar electronic al,paratus.
The A-B components illustrated onl this page are

a small part of the Allnm-Bradley line. For more
complete inrormation, including performance data,
write for your copy of the 16-page booklet, "Allen-
Bradley Quality Components," or call 'our nearest
Allen-Bradley office for technical inforniation.

Allen-Bradley Co.
134 W. Greenfield Ave., Milwaukee 4, Wis.

In Canada-Allen-Bradley Canada Ltd., Gait, Ont.

MOLDED COMPOSITION FIXED RESISTORS MOLDED COMPOSITION VARIABLE RESISTORS

- 41 Type G. ideal for
4Z compact as,...

bli (1/2" DoaJ

(

These reliable, salid-molded resistors come Type ES Resistors. Sealed
In 1/10, 1/2, 1, and 2.watt sie.,AIMstand- in ceramic lubes for "pre- Al
ord RETMA resistance values. Free of coto- cision" applications. Avail- Type J. Has a solid.
strophic faw.r, able in four physical sizes, molded element. Stand.

ard or special resislance Type T. Solid.'
tapers. Made In single, molded. Furnished

CERAMIC DIELECTRIC CAPACITORS dual, or triple units, for hand or screw driver operation.

W ý\\High ltemper otvr*
Type 4P. Sin sizes In RETMA. capacitors with
iAN. and MR values. Has superior ceramic enclosure
performance chorocteristics. for superior performance.

FERRITE CORES FEED-THRU AND

STAND-OFF CAPACITORS

High efficiency ferries for TV Types FT and SO L~isatdul
and special use. All shapes Capacitors. Eliminate parallel
and sizes for special needs, resonance on VHF and UHF.

ALLEN -BRADLEY
ELEClIONIC COMPO$hIE NTS

Best Available Copy 117


